Abstract
Introduction
In recent years, the study of kaonic atoms and kaonic nuclei has become a hot topic because of the possibility that a high-density nuclear medium is created around antikaons. Experimental data from kaonic hydrogen xray spectroscopy at KEK [1] have confirmed the attractive nature of theKp interaction. This fact allows us to assume that Λ(1405) is aKp bound state due to the strong interaction. On the basis of this assumption, Akaishi and Yamazaki predicted meta-stable kaon bound state formation in light nuclei using a variational calculation [2, 3] . Their prediction has triggered many experimental searches [4, 5, 6, 7, 8, 9, 10] as well as theoretical studies [11, 12, 13, 14, 15, 16, 17, 18] . Various candidates for the deeply bound kaonic nuclear state were reported by several international collaborative experiments, but it is difficult to understand all data consistently.
To clarify the situation, a next-generation experimental search for kaonic nuclei by the in-flight 3 He(K − , n) reaction (E15) [19] is performed at the hadron facility of Japan Proton Accelerator Research Complex (J-PARC) [20] . The advantage of the E15 experiment is that it simultaneously performs exclusive measurement by a missing mass study using the primary neutron and invariant mass spectroscopy via the expected decay (K − pp → Λp → pπ − p). On the other hand, more precise experimental data on kaonic atoms are necessary to completely understand theKN interaction. They also supply extremely important information about the existence of kaonic nuclei. Therefore, precision spectroscopy of kaoinc 3 He atom x-rays (E17) is performed at J-PARC [21] . The purpose is to measure the 2p-level shift and the width of kaoinc 3 He with a precision of a few eV. Because these experiments consider kaonic atoms and kaonic nuclei, their physicals motivations are closely related. A liquid 3 He target is an essential component of the experimental setup for both of them. This paper describes in detail the development and evaluation of the liquid 3 He target system for the J-PARC E15/E17 experiments. .
Structure of the liquid
3 He target system
The present cryogenic system for the liquid 3 He target is shown in figure  1 . The characteristics and experimental requirements of the target system are as follows:
Target cell (1.3 K) Liq. N Tank 1. Cryogenic system. To liquefy 3 He gas, which boils at 3.2 K at 1 atm, the target system is equipped with a cryostat developed for KEK-PS E471/E549 experiments [22] that uses liquid 4 He decompression. The liquid 4 He is transferred from an outside dewar vessel to a separator by a pumping method and from the separator to the evaporator via a needle valve that precisely controls the flow of liquid 4 He. In the oneshot operation mode, in which the liquid 4 He supply to the evaporator is stopped periodically after filling, the achieving temperature of the cryostat achieves a temperature of 1.3 K at a heat load of 0.16 W using a pump at a pumping speed of 120 m 3 /h. A heat exchanger for liquefaction of the 3 He gas is placed at the bottom hole of the evaporator; and its temperature is controlled by the pressure in the evaporator. The heat exchanger is described in detail in the next section. To reduce the heat load by radiation at room temperature, the cryostat is surrounded by a thermal shield cooled by liquid N 2 . 2. Siphon method. In the E15 experimental setup, the target cell is placed at the center of the cylindrical detector system. To maintain a large acceptance in not only forward detectors but also the cylindrical detec-tor system, the target cell is separated from the vertical-type cryostat. 3 He condensed in the heat exchanger moves to the target cell ∼1.2 m away through a lower pipe by gravity. The 3 He vapor returns to the heat exchanger through the cell's upper pipe. Finally, the heat load at the cell is transported to the heat exchanger by circulation of liquid 3 He itself. 3. Minimum amount of material. The low-temperature target system includes many structures, including the target cell, the radiation shield, and the vacuum vessel between the target material and the detectors. The amount of material in these structures must be minimized in order to transmit low-energy particles and decrease background events. 4. Stable maintenance of liquid 3 He. Because 3 He gas is scarce, a gas handling system was produced to reuse it many times during development and the experimental period. It makes it possible to store, inject, and recover 3 He gas without allowing it to escape to the atmosphere owing to damage along the route by sudden changes in the pressure and stress. The gas circuit, including the gas handling system, is shown in figure 2 .
3 He gas (400 L) at atmospheric pressure is stored in two 200 L tanks mounted on the system. During most of the operation period, all the valves placed between the heat exchanger and both gas tanks are open, and they reach pressure equilibrium with vapor pressure depending on the temperature in the heat exchanger. The gas system is oil-free because it uses a leak-tight scroll pump for recovery. As a safety measure, 3 He gas that leaks in the insulation vacuum is collected once in a 1000 L balloon in the gas system. Afterwards, 3 He gas laced with air and oil is returned to the tanks after purification by a liquid N 2 refiner.
Development of the main components

3 He heat exchanger
A schematic view of the evaporator and heat exchanger is shown in figure  3 . The Cu fin structures, which have a width of 0.5 mm and distance of 0.5 mm are attached to top of the heat exchanger by silver alloy brazing. High heat-transfer efficiency is obtained by direct contact between the fins and the liquid 4 He in the evaporator. 3 He gas is transported from the two tanks of the gas handling system through an inlet pipe thermally anchored on top of the separator and an exhaust duct on the evaporator to the heat exchanger. Liquefied 3 He is transported through a pipe of 1/4" in diameter from the bottom of the heat exchanger to the target cell ∼1.2 m away by gravity. The pipe is removed by a crank structure from the flight path of beam particles and forward neutrons from the (K − , n) reaction. The 3 He vapor that returns from the cell through a pipe 3/8" in diameter is recondensed in the heat exchanger by a siphon method. Finally, the heat load to the cell is transported to the heat exchanger by circulation of liquid 3 He itself. The internal temperature of the heat exchanger and the target cell are each measured by a platinum-cobalt resistance temperature detector (Chino, R800-6)[23] and calibrated ruthenium dioxide resistance temperature detector (Scientific Instruments, RO600) with an accuracy of ± 0.010 K below 1.5 K[24]. The cables of the thermometer placed in the cell and the heat exchanger are connected to the hermetic seal pins at the feed-through port (KF-16) of the heat exchanger. During operation, an outlet pipe line isolated from the tanks is used to monitor the pressure in the heat exchanger using an absolute pressure transducer (MKS Instruments, Baratron 627B) [25] . The results of the temperature and pressure measurement are described in the next section. 
Target cell
The target cell must be designed to be pressure tight and leak-tight under a low-temperature environment in order to hold liquid 3 He stably. although the cell is maintained at a pressure of less than 0.1 MPa during operation, it is designed for safe operation at an internal pressure of more than 0.3 MPa. The allowable leak rate of the cell is less than order of 10 −10 Pa·m 3 /sec by measurements using superfluid 4 He. If only those requirements are considered, heavy metal such as copper, iron, and stainless steel is advantageous to producing the cell. However, the E15 experiment requires the amount of materials to be minimized in order to increase the transmission of low-energy particles and decrease the number of background events. In addition, because the target system is also used for precision x-ray spectroscopy, the experimental requirements were expanded to include the adoption of materials that provide high x-ray transmission (K − -3 He 3d→2p: 6.2 keV) and the exclusion of elements that emit background x-rays (O, Fe, Cu, and Ti) for use inside the solid angle of the x-ray detector. It was quite challenging to satisfy all the requirements. By trial and error including the high-polymer material as well as metal, beryllium and aluminum were adopted as the principal materials of the target cell.
A schematic view of the target cell is shown in figure 4 . Because the volume of the cell is 0.48 L, 269 L of 3 He gas is necessary to fill it with liquid at a temperature of 1.3 K. The cell consists of a beam window, a cylinder, a ring frame, and end cap. The beam window and end cap are made from an alloy of 62% pure beryllium and 38% pure aluminum (Brush Wellman, AlBeMet AM162) [26] . The window and cap are both 0.6 mm thick in the beam direction. Because x-ray detectors are installed around the cell perpendicular to the beam direction, a cylinder having 68 mm inside diameter, 0.3 mm thick, and 100 mm long was produced of 99.40% pure beryllium (Brush Wellman, PF-60) [26] . The transmissivity of Cu-Kα x-rays (8.014 keV) of 0.305 mm thick PF-60 is 89.5% according to the catalog specifications. The 1/4" pipe is attached to the lower part and the 3/8" pipe is attached to the upper part of an aluminum ring frame. The temperature in the cell is monitored by the ruthenium oxide resistance temperature detector [24] in the cell's upper pipe. All components were joined by electron beam welding.
A cooling test for performance evaluation demonstrated that liquid 4 He at 1.3 K was maintained stably in the cell for few days. The leak rate of 4 He was stable at less than order of 10 −10 Pa·m 3 /sec during the entire test period. Thus, good leak-tight performance was confirmed without super-leaks. 
Radiation shield and vacuum vessel
In the E15 experimental setup, the detectors are located not only on the beam line but also on the circumference of the target; therefore, the amount of material in the radiation shield and vacuum vessel are also minimized. The base of the shield and the vessel were produced in a tapered form to secure an effective area for the downstream detectors. Figure 5 shows a side view of the radiation shield and vacuum vessel around the target.
The shield for reducing the heat load caused by radiation to the target cell and other components having temperatures less than 4.2 K is cooled to about 80 K by liquid N 2 . The tip of the shield around the cell is made of 0.3 mm thick aluminum to reduce quantity of material. The tip, including the cap, is cooled using the good thermal conductivity of highly-pure aluminum.
Carbon fiber reinforced plastic (CFRP) was adopted for the cylinder around the target region of the vacuum vessel because of its light weight and high strength. The cylinder must have 150 mm inside diameter, more than 300 mm long, and less than 1 mm thick. In addition, for safety reasons, it must not be destroyed under an external pressure of 0.3 MPa. However, it is difficult to design structures using CFRP because many parameters must be considered, such as the strength of the carbon fiber, strength of the plastic, direction of the fiber, and method of knitting the fiber. Therefore, by using past development experience [22] , we determined the effective Young's modulus at which the safety factor became 1 when an external pressure of 0.1 MPa acted on a prepreg laminating cylinder having 300 mm inside diameter, 250 mm long, and 0.9 mm thick.
Two CFRP cylinders were produced by Sankyo Manufacturing Co, Ltd.
[27]. The specifications of the prepregs used for production, which were made by Mitsubishi Plastics, Inc. [28] , are given in table 1. TS and EM represent the tensile strength and elastic modulus of the fiber direction, respectively. For the first cylinder, three layers of prepreg with higher rigidity, called 80tonUD, were laminated in the circumferential direction (90 • ) and one layer was laminated in the longitudinal direction (0 • ). Because 80tonUD has quite high rigidity, there was fear that the fiber is broken in the winding process. Therefore, for the other cylinder, a three laminated structure (two layers at 90
• , one • ) made of 60tonUD type prepreg, with slightly lower rigidity, was adopted. Both cylinders were 150 mm in inside diameter, 523 mm long, and 1 mm thick. The design values of the safety factor for withstanding pressure were 3.8 and 3.3, respectively. The cylinders were glued to a beam window 0.6 mm thick and a tapered base made of aluminum with STYCAST1266. The safety of both vacuum vessels was confirmed by several pressure tests under a differential pressure of 0.1 MPa.
Performance evaluation
Many cooling tests for performance evaluation were performed at KEK and J-PARC. Figure 6 shows the typical condensation periods of 3 He gas by liquid 4 He cooling after precooling by liquid N 2 . The upper part of the figure shows the decrease in the amount of 3 He gas remaining in the tanks according to pressure monitoring. From 2 to 3 h, liquefaction of the gas at a condensation speed of about 3.2 L/min appears. Subsequently, gas condensation stops at an equilibrium vapor pressure of about 0.3 atm at 2.3 K and the pressure in the tanks. To allow the remaining 3 He gas to liquefy after storage with liquid 4 He in the evaporator, the temperature in the heat exchanger was reduced to stop the flow of liquid 4 He from the separator to the evaporator. A needle valve was closed at the time indicated by the dotted line in figure 6 .
3 He gas (380 L, 0.95 atm) was ultimately condensed. Furthermore, the temperature difference between the target cell and the heat exchanger disappeared at (A) in figure 6 . Because the temperature sensor was installed in the top of the target cell, this indicates that the cell became filled with liquid 3 He. figure 7(a) shows a typical temperature achieved without temperature control by heaters attached to the target cell and heat exchanger. The horizontal axis represents the time normalized to 0 at the moment the needle valve closed. The temperature of the cell dropped below 1.35 K at 1.3 h after the valve closed. In addition, a clear difference in temperature between the heat exchanger and the target cell does not appear in figure 7 (a). Heat transport by the siphon method clearly works well. The histogram in figure  7 (b) was obtained by expanding the temperature data for the target cell for 8 h (2-10 h) in figure 7 (a) to examine the stability. Although the data in figure  7 (a) were trimmed by 1/30 for easier viewing, all data, acquired at 10 s intervals, were used in order to increase the statistical precision of the histogram. The temperature stability of the target cell was estimated to be ± 0.009 K (± 3σ) by Gaussian fitting. The density fluctuation of 0.12%, converted from the temperature stability, is acceptable for the E15 experiment. [29] owing to the measurement error of the pressure gauge, their behavior agrees well with that of the ITS-90 values. This result strongly suggests that liquid 3 He existed in the heat exchanger. Because one month of consecutive operation of the target system is assumed, the consumption of liquid 4 He is very important for describing the direct beam time loss by liquid 4 He dewar exchange. To minimize the consumption of liquid 4 He, the target system is operated in a one-shot mode. Figure 9 shows the time variation in the fluid volume in the evaporator. Because liquid 4 He in the evaporator emptied for about 15 h, the evaporator was refilled with liquid 4 He transported from the outside dewar via separator. At that time, the valve between the tanks and the heat exchanger was closed in order to stop 3 He gas from returning to the tanks owing to the temperature increase in the heat exchanger to 2 K. For the remaining 15 h, the target cell was maintained at a temperature of 1.3 K by isolating the evaporator from the separator. A heat load of 0.21 W was estimated from the decrease in the speed change in the liquid level in figure 9 . A total liquid 4 He consumption rate of 50 L/day, including transfer loss and natural evaporation in the dewar, is acceptable for the E15 experiment.
Summary
We successfully developed a liquid 3 He target system for experimental research on deeply bound kaonic nuclear states. In a cooling test, 380 L of 3 He gas were condensed in the cryogenic system. By excellent operation using the siphon method, liquid 3 He was maintained at 1.30 ± 0.01 K in the target cell for 8 h. The target system is also superior in cost performance owing to its heat load of 0.21 W and liquid 4 He consumption rate of 50 L/day. A radiation shield of thin pure aluminum and a vacuum vessel using thin CFRP cylinders were produced to minimize the amount of material around the target cell. The specially developed target cell made of pure Be and a BeAl composite satisfied all the requirements; pressure tightness, leak tightness, minimal amount of material, and high x-ray transmission. Experiments using the target system will provide extremely important results in research on kaonic atoms and kaonic nuclei.
